Abstract Hybrid circuit breaker (HCB) technology based on a vacuum interrupter and a SF6 interrupter in series has become a new research direction because of the low-carbon requirements for high voltage switches. The vacuum interrupter has an excellent ability to deal with the steep rising part of the transient recovery voltage (TRV), while the SF6 interrupter can withstand the peak part of the voltage easily. An HCB can take advantage of the interrupters in the current interruption process. In this study, an HCB model based on the vacuum ion diffusion equations, ion density equation, and modified Cassie-Mayr arc equation is explored. A simulation platform is constructed by using a set of software called the alternative transient program (ATP). An HCB prototype is also designed, and the short circuit current is interrupted by the HCB under different action sequences of contacts. The voltage distribution of the HCB is analyzed through simulations and tests. The results demonstrate that if the vacuum interrupter withstands the initial TRV and interrupts the post-arc current first, then the recovery speed of the dielectric strength of the SF6 interrupter will be fast. The voltage distribution between two interrupters is determined by their post-arc resistance, which happens after current-zero, and subsequently, it is determined by the capacitive impedance after the post-arc current decays to zero.
Introduction
According to the report of the Intergovernmental Panel on Climate Change (IPCC), the average global surface temperature has risen by 0.74 degrees over the past 100 years (1906∼2005), and the second half of the 20th century was the warmest 50 years over the past 1,300 years. The rise of global temperature is mainly due to the use of greenhouse gases such as CO 2 , CH 4 , NO 2 , HFCS, PECS, and SF 6 . The use of SF 6 gas is limited because its global warming potential (GWP) value is as high as 23900. SF 6 circuit breakers take up 80% of SF 6 gas production usage and dominate the switch market in high voltage and extra-high voltage areas [1, 2] . Hence, there is an urgent need to study lowcarbonization high-voltage circuit breakers.
There are three directions taken in the research on low-carbonization high-voltage large-capacity circuit breakers: vacuum circuit breakers with single-break and multi-break, non-SF 6 gas circuit breakers, and hybrid circuit breakers (HCBs) [2] . The study of circuit breakers based on the vacuum interrupter and SF 6 interrupter in series began in the 1960s [3, 4] . The HCB drew researchers' attention once again from the mid1970s to mid-1980s and during this period the patent applications were made by several manufacturers in the USA and Japan but none was applied in the industry because of technical conditions [5∼7] . With the development of large-capacity vacuum switch technology and the self-blast/thermal blast techniques of SF 6 circuit breakers, a new round of research on HCB technology is proceeding in the 21st century [8∼11] .
Researchers have found that the interactions between a vacuum arc and a SF 6 arc have positive effects on the current interruption process; nonetheless, more indispensable theories such as the voltage distribution characteristics, the best parting time of two interrupter contacts, and the gain characteristics of breaking capacity are needed for industrial application. In this study, the interaction principle of HCB is analyzed. A simulation platform is constructed by using the alternative transients program (ATP), after which a HCB model is established. An experimental prototype with high controllable precision is set up for analyzing the best synergistic parting moment of contacts between two interrupters. The recovery voltage distributions are compared in different interruption conditions and the influence of grading capacitors is investigated in simulations and tests.
Comparing the two arc-extinguishing dielectrics, vacuum and SF 6 , we can find different characteristics in the process of current interruption. It is a swift process for ions to recombine in the vacuum and to disperse from the arc area after current-zero. The recovery speed of dielectric strength in the vacuum is much faster than that in SF 6 gas [12] . The increase in the dielectric strength of the vacuum is nonlinear with a contact gap. It is a result of field emission and particle collision. However, SF 6 gas has a good insulation characteristic [13] . After current-zero, the post-arc current of the SF 6 interrupter is much smaller than that of the vacuum (if the fault current is interrupted simultaneously by the vacuum interrupter and SF 6 interrupter), therefore, the SF 6 interrupter prevents a low-impedance path to drain the vacuum post-arc charges [9] . It prevents the transient recovery voltage (TRV) crossing the vacuum interrupter in the initial moment of TRV.
Therefore, the main design features of an HCB should be: a) In the post-arc current process, it makes full use of the rapid dielectric strength recovery characteristics of vacuum to withstand the initial TRV, which provides more time for the dielectric strength recovery of the SF 6 interrupter. At the same time, a small post-arc current flows in the SF 6 interrupter whose arc impedance (R G ) is lower than that of the vacuum arc (R V ), as shown in Fig. 1 . With the recovery of SF 6 dielectric strength, R G increases gradually so the SF 6 interrupter interrupts the post-arc current together with the vacuum interrupter lastly. The TRV distribution is decided by the ratio between R V and R G in this stage. b) After the post-arc current decays to zero, the TRV distribution is restricted by the capacitive impedance of the vacuum interrupter (C V ) and the SF 6 interrupter (C G ), as shown in Fig. 1 . The HCB will not fail to interrupt, even with a vacuum interrupter breakdown in this moment because of the good insulation characteristics of the SF 6 interrupter. Additionally, the experimental prototype is designed in a form of vacuum circuit breaker (VCB) placed on the top of SF 6 CB, which considers the structural stability of HCB. Hence the ground capacitance (C g ) plays a more important role in the voltage distribution after the post-arc current decays to zero (the value of C g is about 4 pF). Fig.1 The equivalent circuit of the HCB However, the SF 6 interrupter will withstand the initial TRV if it interrupts the current first. The vacuum interrupter only withstands a little TRV due to the high impedance characteristics of the SF 6 arc. The dielectric strength of the SF 6 interrupter recovers slowly so the SF 6 interrupter is easy to re-ignite. However, the vacuum interrupter cannot withstand TRV alone, which will cause re-ignition of HCB. As the TRV value increases further, the HCB will be broken down repeatedly. The vacuum interrupter and SF 6 interrupter cannot show their respective advantages in this situation.
In short, the sequence of withstanding initial TRV between two interrupters determines the breaking capacity of the HCB in a certain degree. The best solution is that the vacuum interrupter withstands the initial TRV, which helps the SF 6 interrupter to recover dielectric strength as soon as possible. It is also required for the SF 6 interrupter to share higher TRV before the vacuum interrupter breakdown.
3 Simulation test
Simulation platform
The HCB simulation platform is explored by using the ATP. Arc models of the vacuum interrupter and SF 6 interrupter are developed based on the transient analysis of control systems (TACS) tool of the ATP. The aim of simulation is to find the interaction relationship between the vacuum interrupter and the SF 6 interrupter in the current interruption process and to obtain the best strategy to open contacts. It is much easier for the low voltage class to do the experiment so that the relationship between voltage and current during current-zero is obtained by the existing devices in a laboratory whose VCB value is 12 kV, 20 kA and SF 6 CB value is 12 kV, 6.3 kA. Combining the practical relationship with the simulation results of the model (the original parameters of two arc models are taken from existing literature), the optimized parameters of the two arc models are obtained by using the least squares method. The HCB arc model is obtained by connecting the vacuum arc model and the SF 6 arc model in series. The voltage distribution between the vacuum interrupter and the SF 6 interrupter is simulated under different contact parting sequences. Additionally, a situation of interrupters with paralleled grading capacitors whose value is 500 pF is simulated. The simulation circuit for the HCB is shown in Fig. 2 . Vacuum arc model, whose ion diffusion equations and ion density equation are listed as follows [10, 14, 15] :
In the equations above, S is the positive ion sheath thickness; U 0 is the sheath edge potential; Z is the average charge multiplicity constant; t 0 is the start moment of TRV; N i is the ion sheath edge density; N i0 is the initial ion density when the t = t 0 and S = 0, which depends on the decay of the arc in front of t 0 ; u(t) represents the arc voltage; ε 0 is vacuum permittivity; e is the charge of an electron; M i is the ion mass; v i is the ion speed in the sheath edge and neutral plasma; i(t) is the post arc current; D is the diameter of the arc column; τ reflects the decay time of the ion diffusion process; D AMP is the distribution factor of the ion space charge between two electrodes. Eq. (1) describes the growth function of the ion sheath, and the sheath thickness is related to the recovery voltage of the electrode. Eq. (2) describes the sheath edge ion density, which is related to the decay time of diffusion and sheath thickness. Eq. . It takes into account the situation of the current both before and after crossing zero [16, 17] .
For Eq. (5), g is the arc conductance, u is the arc voltage, i is the arc current, θ is the arc time constant, P is the power dissipation of arc, α is the influence coefficient of θ, β is the influence coefficient of P . P 0 , θ 0 , α, β, which are decided by a particular circuit breaker and certain circuit conditions, are the constant parameters of the SF 6 arc model.
The vacuum interrupter and the SF 6 interrupter in the HCB model are represented by the respective contact resistance before contact separation and by the respective arc model after contact separation, as well as by the respective equivalent capacitance of the break after the arc current decays to zero. We can adjust the initial moment of the vacuum arc model and SF 6 arc model to calculate by changing the separation time of two interrupter contacts. The orders of the two interrupters withstanding TRV are changed in this way and the orders are easily obtained under the different separation strategies by simulation. The parameters of the HCB model in the interruption process are listed in Table 1. The HCB model is used to interrupt some similar circuit conditions. Simulation results are presented in Figs. 3∼7. 
Simulation results
Fig . 3 shows the TRV distribution of the HCB. Fig. 4 is obtained by zooming the current-zero region of Fig. 3 . From Fig. 3 and Fig. 4 , it is obvious that the vacuum interrupter interrupts the current and withstands the initial TRV first, after which the SF 6 interrupter immediately withstands the later peak TRV before the vacuum interrupter is broken down. The SF 6 interrupter almost withstands the entire TRV at this time. The range of 10∼10.5 ms is the high-frequency oscillation stage of TRV and the range after 10.5 ms is the steady stage of the system voltage in Fig. 4 . The voltage distribution is mainly decided by the arc resistance during the high-frequency oscillation stage. The voltage distribution is determined by the equivalent capacitance of the break, which is equivalent to the voltage relationship of the two series capacitors. Fig. 4 , it is obvious that the TRV distribution in the initial time of TRV is mainly determined by the post-arc resistance between the vacuum interrupter and SF 6 interrupter. This period lasts for about 30 µs. During which the post-arc resistance plays a more important role than the external capacitors. With the decaying of the post-arc current, the voltage crossing vacuum interrupter and the SF 6 interrupter tend to catch up with that in Fig. 5 (related to Fig. 4) . It is because the voltage distribution after 30 µs is mainly determined by grading capacitors. Fig. 6 shows the situation where the dielectric strength of the SF 6 interrupter cannot recover in time, which renders the SF 6 interrupter incapable of withstanding the peak part of TRV. The vacuum interrupter cannot withstand TRV by itself, so it breaks down, which causes the post-arc current peak's sharp growth to about 200 A. The post-arc current is interrupted by the SF 6 interrupter again, however, the reignition will cause the further increase of TRV and make the SF 6 interrupter fail to interrupt in final. More seriously, the HCB may be broken down. The contacts of the SF 6 interrupter need to be parted earlier than the vacuum interrupter in the actual experiment, which is the result of the SF 6 interrupter's slow dielectric strength recovery, and it will leave the SF 6 interrupter more time to recover its dielectric strength in time. In the case where the SF 6 interrupter first withstands TRV, the HCB will fail to interrupt the same high short-circuit current, as shown in Fig. 7 . The SF 6 interrupter withstands TRV first after current-zero, but it is broken down for a weak dielectric strength, which causes arc reignition. Then the vacuum interrupter takes over the TRV, but it cannot withstand TRV alone, which causes HCB breakdown repeatedly. Consequently, interruption fails. Additionally, the reignition of the circuit is detrimental to the SF 6 dielectric recovery. If the short-circuit current or TRV is smaller, the HCB interruption will succeed. 4 Experimental test
Experimental circuit
A synthetic circuit, whose capacity is 110 kV, 50 kA, belonging to the Power Electronics Institute of DUT, is used to study the voltage distribution characteristics of the HCB. Fig. 8 is the synthetic circuit schematic diagram. The prototype HCB is set up by a vacuum interrupter (VI-12 kV, 20 kA) and a SF 6 interrupter (GI-12 kV, 6.3 kA) in series. The speed of the vacuum interrupter actuator is 1.3 m/s and the speed of the SF 6 interrupter actuator is 2.6 m/s. The effective value of the current source is 10 kA, and the peak value of the recovery voltage is 42 kV. P t1 and P t2 are two high voltage probes (P6015A), and their load is 100 MΩ/3 pF, respectively. CT is a current transformer. When the contacts of two interrupters part simultaneously in a 10 kA short-circuit current, the arc voltage of a vacuum is much lower than that of SF 6 before current zero, as shown in Fig. 9 . According to the analysis of the two previous sections, there are three situations in a current interruption process: the vacuum interrupter withstands initial TRV first, before the SF 6 interrupter withstands peak TRV in time (situation 1); the vacuum interrupter withstands initial TRV first, after which the SF 6 interrupter does not withstand peak TRV in time (situation 2); and the SF 6 interrupter withstands TRV before the vacuum interrupter (situation 3). The three situations can be obtained by setting different contact parting sequences. The action sequences of the two HCB interrupters are set in the coordination actuator control unit, and its action signals trigger the corresponding interrupter to separate. The actuator adaptive control system is designed to control the accuracy of the contact action. The action dispersion of contacts is less than ±300 µs. The contact action moments of the vacuum interrupter and SF 6 interrupter are shown in Fig. 10 . The current zero is the zero point of coordinate axes. 
Vacuum interrupter withstands TRV first
When the vacuum interrupter withstands TRV first, the post-arc current will be interrupted mainly by the vacuum interrupter. The TRV crossing different interrupters of the HCB presents two different results according to the moment when the SF 6 interrupter takes over the vacuum interrupter to withstand the voltage.
Situation 1: the vacuum interrupter withstands TRV, after which the SF 6 interrupter withstands most TRV, as shown in Fig. 11 . Fig. 12 is obtained by enlarging the current-zero region of Fig. 11 . The waveforms describe the short-circuit current, the TRV of the vacuum interrupter, and the TRV of the SF 6 interrupter. Figs. 11 and 12 show that the vacuum interrupter withstands initial TRV and the SF 6 interrupter withstands the main TRV and system voltage. The initial moment of TRV crossing the SF 6 interrupter is delayed slightly, which is conducive to the dielectric strength recovery of the SF 6 interrupter. In this case, the vacuum interrupter could play a partial role in current interruption, and the breaking capacity of HCB gets its maximum. Situation 2: the vacuum interrupter withstands TRV first, but then the SF 6 interrupter does not take over to withstand the voltage in appropriate time. Reignition will occur on the vacuum interrupter continually. The HCB will be broken down, as shown in Fig. 13 . Fig. 14 is obtained by enlarging the currentzero region of Fig. 13 . The waveforms of Fig. 13 and  14 show the total TRV, the TRV of the vacuum interrupter, and the TRV of the SF 6 interrupter. As shown in the two figures, the vacuum breaker withstands TRV first; the SF 6 breaker then soon takes up a little TRV, and it is broken down for a weak dielectric strength when the vacuum breaker is first broken down. Then vacuum breaker withstands TRV once again because of its fast dielectric recovery rate, and SF 6 dielectric strength has not been restored without withstanding TRV. The SF 6 breaker assistively withstands part of TRV and is broken down once again before the vacuum breaker breakdown. Thereafter, the vacuum breaker breaks down for a second time and dielectric strength again recovers. Interruption is completed and the voltage relationship of the two breakers is mainly decided by the equivalent capacitance. The breakdown of the HCB increases the TRV of the system circuit, which makes it more difficult to interrupt the circuit. It is obvious that this kind of performance is not what we wish. 
SF 6 interrupter withstands TRV first
In situation 3, the arc impedance of SF 6 is higher than that of the vacuum interrupter; therefore, the initial TRV is mainly withstood by the SF 6 interrupter. When the value of TRV and short-circuit current of the synthetic circuit are reduced intentionally, the TRV distribution of the HCB is as shown in Fig. 15 . The waveforms are the TRV of the vacuum interrupter and the TRV of the SF 6 interrupter. The SF 6 interrupter almost withstands the entire TRV, and the voltage value of the vacuum interrupter is only about 100 V.
When the value of TRV increases to the initial value, the SF 6 interrupter cannot withstand the steep TRV and will re-ignite immediately, as shown in Fig. 16 . The SF 6 interrupter still withstands a large part of TRV, and the voltage of the vacuum interrupter is less than 2 kV. The current will fail to be interrupted if the short-circuit current increases to the initial value too, as shown in Fig. 17 . Fig. 17 shows that the SF 6 interrupter withstands TRV first and breaks down consequently before the vacuum interrupter takes over TRV and breaks down. Afterwards, the two interrupters break down alternately and the post-arc current is larger than 100 A. 
The effect of capacitance
In the situation of the vacuum interrupter withstanding TRV first, to study the external capacity's effect on sharing the voltage and breaking the current, the parameters of the synthetic circuit are adjusted to the state of HCB critical breakdown. HCB interrupts the short-circuit current in two situations depending on whether or not a capacitor (500 pF) is parallel to the vacuum interrupter of the HCB, as shown in Fig. 18 . It is clearly observed that the current is interrupted successfully without breakdown in the case of the vacuum interrupter with a capacitor, but the HCB is broken down in the case of the vacuum interrupter without a capacitor. Fig. 19 is obtained by enlarging the currentzero region of Fig. 18. From Fig. 19 , we can find that TRV values are almost the same during the beginning period of TRV in the two situations. The period lasts for several dozen milliseconds, during which the voltage values of the vacuum interrupter in the two situations are the same and so are those of the SF 6 interrupter. After the period, the voltage distributions are very different because of the capacitor paralleled to the vacuum interrupter. The vacuum interrupter without a capacitor is broken down subsequently, which makes TRV grow further and the circuit re-ignite. It is the very reason causing the breakdown of HCB without the capacitor. As is stated, the breaking capacity of the HCB can be improved by paralleling a capacitor on the vacuum interrupter. The arc resistance plays an important role during the beginning period of TRV, after which the voltage distribution is dependent on the equivalent capacitance of the two interrupters of the HCB. 
Discussion
According to the above simulations and tests, there are three situations to withstand TRV for an HCB.
Situation 1: the current is interrupted by the vacuum interrupter first and the vacuum interrupter withstands the initial TRV so the TRV of the SF 6 interrupter is delayed. Later, the SF 6 interrupter withstands the higher peak voltage. The advantages of the HCB are maximized and the breaking capacity is increased significantly.
Situation 2: the current is interrupted by the vacuum interrupter first. The vacuum breaker withstands the initial TRV, whereas the SF 6 breaker does not withstand the peak value of TRV in a timely manner. The vacuum interrupter cannot endure the steep voltage alone, which leads it to re-strike again and again.
Situation 3: the current is interrupted by the SF 6 interrupter first. The SF 6 interrupter resists the outflow of vacuum arc charges. This is because the postarc current of the SF 6 interrupter is much smaller than that of the vacuum interrupter. Meanwhile, the residual charges of the vacuum arc flows into the stray capacitance, which prevents TRV established on the vacuum interrupter. In this situation, the SF 6 interrupter withstands most of TRV. The vacuum interrupter cannot meet the need of extinguishing the arc current, which means the performance of HCB is not optimized.
The effect of the voltage distribution from arc impedances and capacitive impedances plays an important role in the process of current interruption. After current-zero, the arc resistances of the vacuum interrupter and the SF 6 interrupter are the main factors for the voltage distribution, and this period lasts for dozens of milliseconds. With the post-arc current decay to zero, the voltage distribution is mainly determined by the equivalent capacitance of the interrupters. The precision of HCB contacts' action and the selection of the grading capacitor of the interrupter determine the TRV distribution relationship. They are the key factors for increasing the breaking capacity of an HCB. The SF 6 breaker withstands TRV 30 µs later than the vacuum breaker begins to withstand TRV, as shown in the simulative Fig. 4 . However, in the experiment, as shown in Fig. 11 , the SF 6 breaker withstands TRV at the instant of 100 µs after the vacuum breaker begins to work. Considering that there are subtle differences between the experimental environment and the simulation environment, the different moments of the SF 6 breaker withstanding the voltage between the simulation and experiment waveforms should be acceptable. The major causes that account for the above errors are listed as follows: the errors of the arc model parameters; the influence of the actuator dispersion ( 300 µs); the recovery rate of the SF 6 dielectric strength that is slower than its original state because the SF 6 circuit breaker was used for a large number of interruption experiments; the distortional current waveform of the current source which is affected by the SF 6 circuit breaker.
Conclusion
The results of the experiment and simulation demonstrate that, if the operation sequence is one when the vacuum interrupter interrupts the current and withstands initial TRV before the SF 6 interrupter withstands TRV, it will provide a larger breaking capacity for the HCB without increasing the use of SF 6 gas. The arc resistances of the vacuum interrupter and SF 6 interrupter determine the voltage distribution within dozens of milliseconds after current-zero. The equivalent capacitance of the interrupters determines the voltage distribution after post-arc current decay to zero. The design of the low dispersibility actuator and the right selection of grading capacitors are helpful factors for the breaking capacity of an HCB.
